Background: Phenotypic diversity among populations may result from divergent natural selection acting directly on traits or via correlated responses to changes in other traits. One of the most frequent patterns of correlated response is the proportional change in the dimensions of anatomical traits associated with changes in growth or absolute size, known as allometry. Livebearing fishes subject to predation gradients have been shown to repeatedly evolve larger caudal peduncles and smaller cranial regions under high predation regimes. Poecilia vivipara is a livebearing fish commonly found in coastal lagoons in the north of the state of Rio de Janeiro, Brazil. Similar to what is observed in other predation gradients, lagoons inhabited by P. vivipara vary in the presence of piscivorous fishes; contrary to other poeciliid systems, populations of P. vivipara vary greatly in body size, which opens the possibility of strong allometric effects on shape variation. Here we investigated body shape diversification among six populations of P. vivipara along a predation gradient and its relationship with allometric trajectories within and among populations. Results: We found substantial body size variation and correlated shape changes among populations. Multivariate regression analysis showed that size variation among populations accounted for 66% of shape variation in females and 38% in males, suggesting that size is the most important dimension underlying shape variation among populations of P. vivipara in this system. Changes in the relative sizes of the caudal peduncle and cranial regions were only partly in line with predictions from divergent natural selection associated with predation regime. Conclusions: Our results suggest the possibility that adaptive shape variation among populations has been partly constrained by allometry in P. vivipara. Processes governing body size changes are therefore important in the diversification of this species. We conclude that in species characterized by substantial among-population differences in body size, ignoring allometric effects when investigating divergent natural selection's role in phenotypic diversification might not be warranted.
Background
A central goal of research in evolutionary biology is to understand the factors involved in the origin and maintenance of phenotypic variation [1] . Divergent natural selection (DNS) -selection pulling trait means of populations towards different adaptive peaks -is usually believed to be a primary mechanism generating and maintaining adaptive phenotypic diversity among populations [2] [3] [4] .
When populations are subject to different ecological pressures and there is sufficient standing genetic variation, DNS can act directly on phenotypic traits, sometimes leading to rapid phenotypic change [5, 6] .
Alternatively, phenotypic variation among populations may arise indirectly through correlated responses to selection on other traits [7, 8] . In the case of morphology, correlated responses of traits can be a consequence of developmental interactions among structures and/or pleiotropic effects during development [9, 10] . These interactions and/or pleiotropic effects are important because they might channel the direction and influence the pace of adaptive changes in complex morphological traits [11, 12] . One of the most frequent patterns of correlated responses is the proportional change in the dimensions of particular anatomical traits associated with change in growth or absolute size, known as allometry [13] . Several studies have indicated that within-population allometric patterns can constrain changes in morphology among populations and species, so that size variation determines the direction of evolutionary change in morphological traits [14] [15] [16] [17] .
Livebearing fishes of the family Poeciliidae are important model organisms in the study of the effects of DNS on phenotypic variation [18] . For example, the strongest evidence available for the role of predation in driving phenotypic evolution in fishes comes from poeciliid fishes [19, 20] . In particular, there is empirical evidence of trade-offs in swimming performance that lead to the divergence of body shape -which is highly heritable [21] -among populations subject to different levels of predation [21] [22] [23] [24] [25] . In the presence of predators, selection favors fast-start performance leading to the evolution of relatively larger caudal peduncles and smaller cranial regions, whereas in the absence of predators smaller caudal peduncles and larger cranial regions are favored as they reduce drag during steady swimming.
Poecilia vivipara is a small (2-5 cm body length) livebearing fish distributed along the Atlantic coast of South America (from Venezuela to La Plata River in Argentina) [26] and commonly found in coastal lagoons in the north of the state of Rio de Janeiro, Brazil [27] . Lagoons in this system vary in salinity [28] and in the presence of piscivorous fishes (e.g., the trahira Hoplias malabaricus), which are usually absent from lagoons with brackish to salt water [27, 29] . One prior study in the area revealed that populations of P. vivipara inhabiting low predation environments had relatively smaller caudal regions than those in high predation environments [30] , in line with previous findings on other poeciliids. One particular feature of this system is that P. vivipara shows remarkable variation in body size among populations, which is positively correlated with salinity [30] [31] [32] . Correlated responses of body shape to variation in body size have never been explored in this species though.
Here we investigate body shape diversification among populations of P. vivipara which differ substantially in body size and inhabit lagoons varying in the presence of piscivorous fishes and salinity [27] . Because populations differ in average body size, we investigate if shape variation among populations is chanelled by allometric effects [33] . We evaluated the effect of body size on body shape variation within and among populations (withinpopulation and evolutionary allometry, respectively) by testing the relationship between shape and size variation using a multivariate regression model [13] . We then compared the within-population and evolutionary allometries to evaluate whether allometric shape changes among populations are aligned with the patterns of allometric shape change within populations. Assuming that predation pressure on P. vivipara is higher in lagoons containing piscivores, we expect populations to differ in body shape in line with predictions from trade-offs in swimming performance.
Methods

Field sampling
We analyzed specimens from six coastal lagoons in the Parque Nacional da Restinga de Jurubatiba (PARNA Jurubatiba), a relatively well-preserved portion of the coast of northern Rio de Janeiro State, Brazil, with 14,860 ha ( Figure 1 ). Based on literature information [27] and preliminary field observations, we chose populations differing in body size and inhabiting lagoons with contrasting predation regimes. Specifically, we chose three lagoons harboring at least one species of piscivorous fish and three lagoons with no prior record of piscivorous species. Because ubiquitous piscivores in these lagoons are freshwater species, lagoons containing piscivores are at the lower end of the salinity gradient (Table 1) . We selected lagoons that are temporally stable (i.e., for which there was no previous record of drying up in years of low precipitation) and isolated from each other and therefore treated our studied populations as independent. We acknowledge that in years of exceptionally high precipitation during the rainy season (more than 800 mm accumulated between October and March [34]) the neighbor lagoons Catingosa and Pires might eventually connect.
Lagoons were surveyed four times from July 2011 to January 2013. In every survey, we measured salinity with a YSI-85 meter and quantified the abundance of piscivores with longlines holding 50 hooks baited with P. vivipara and two other species of livebearing fishes commonly found in the area (Jenynsia multidentata and Phalloptychus januarius). We placed one longline per lagoon at dusk and collected it the next morning (~15 hours; total sampling effort:~3,000 hook-hours per lagoon), when captured piscivores were quantified (Table 1) . Specimens of P. vivipara were collected with a seine net (1.5 m high, 5 m wide, mesh size: 0.5 mm), pulled by two of us near the shore (depth < 2 m). Upon collection, specimens were euthanized in Eugenol and fixed in 10% formalin. Specimens were later transfered to 70% ethanol in the laboratory. During sampling with the seine net we incidentally collected piscivores (sampling effort not standardized across lagoons), which were euthanized and preserved for further analysis. Gut-content analysis of these specimens indicates that these species are effective predators of P. vivipara in this system (A. C. Petry, unpub. data). This study was conducted under the Brazilian System of Authorization and Information on Biodiversity-SISBIO (permit #28136-2) and authorized by the Ethics Committee on Animal Use of the Universidade Estadual Paulista-CEUA-IB-UNESP-CRC (process #0502).
Morphometric and Statistical Analyses
Body shape variation was analyzed with landmark-based morphometric techniques and multivariate statistical methods [35] . Morphology was captured from digital images as 2D Cartesian coordinates for landmarks in lateral view (Figure 2 ). Images were obtained with a DSLR Canon Rebel T3 camera with a macro 60 mm lens. Specimens were positioned in the lateral plane and the camera lens was placed parallel to the sagittal plane of each fish. The images were obtained at a 100 mm distance from the lateral line. After image capture, specimens were dissected and age class (juveniles vs. adults) and sex were determined by gonad inspection. Only adult individuals were analyzed (330 males and 558 females; Table 1 ).
The coordinates of 10 landmarks ( Figure 2 ) were registered for each specimen, using the software tpsDIG 2.10 [36] . The intra-observer error associated with the register of point coordinates was evaluated using a random sample of 42 specimens by digitizing the same set of landmarks from the same images in two events two weeks apart from each other. We tested for differences between the two series using a PROTEST analysis [37] , and found that series were highly correlated (Procrustes pseudo- correlation = 0.97, P < 0.001), indicating a high level of consistency in landmark digitalization. We used the natural logarithm of the centroid size (CS), defined as the square root of the summed squared distances from all landmarks to the configuration centroid [35, 38] , as a body size measure. To test for differences in body size among populations, an analysis of variance (ANOVA) was performed using ln(CS) as the dependent variable and population of origin as the independent variable.
We aligned landmark coordinates using a Generalized Procrustes Analysis (GPA) [38] . This analysis optimally translates, scales and rotates coordinates of landmarks using a least squares criterion [35, 38] . The coordinates aligned by this procedure are called Procrustes shape coordinates and were used as variables in the following multivariate statistical analyses. The main axes of shape variation were described using Principal Components Analysis (PCA) and Canonical Variates Analysis (CVA) obtained from the Procrustes shape coordinates [39] . Both analyses provide a low dimensional representation of shape space among specimens and populations. The PCA is a rigid rotation of the Procrustes shape coordinates that maximizes the variation among individuals using a spectral decomposition of a covariance matrix [39, 40] . The CVA is a non-rigid transformation of the Procrustes shape coordinates that maximizes the ratio of the among-population sum of squares to the pooled withinpopulation sum of squares using a spectral decomposition [39, 41] . The patterns of shape change along CV scores were visualized using outline diagrams generated in MorphoJ 1.06a [42] .
To test the significance of shape differences among populations, a multivariate analysis of variance (MANOVA) was performed using the first principal components (PCs) of Procrustes shape coordinates -summarizing more than 90% of shape variation; females: PC1-PC9; males: PC1-PC8 -as dependent variables and population of origin as the independent variable. We used the first PCs to reduce the dimension of the dependent matrix because of the large number of Procrustes shape variables [43] .
Shape changes in landmark data associated with body size (the allometric shape vector) were described using the multivariate regression vector obtained from multivariate regressions (multivariate ordinary least squares [OLS] models) of the Procrustes shape variables on ln(CS) [15, 17, 44] . First, to evaluate the effect of size on shape differences among populations (i.e., evolutionary allometry), we studied the association between consensus Procrustes shape variables (the multivariate means of the Procrustes shape coordinates) and mean ln(CS) of each population using an OLS model and estimating the evolutionary allometric shape vector. Second, we estimated the effect of size on shape variation within populations (i.e., withinpopulation allometry) for the pooled within-population data (i.e., the matrix that jointly estimates the common covariation pattern within several groups using the covariance matrices based on the mean centered Procrustes coordinates for each population) using a multivariate OLS model and estimating the withinpopulation allometric shape vector. Using a pooled within-population regression requires that withinpopulation allometries are sufficiently similar, so that the pooled within-group vector makes biological sense. We tested for the agreement between within-population allometries by comparing the mean angle between regression vectors with a parametric distribution to test the null hypothesis that the vectors have random directions in regression space. The angles between regression vectors were calculated as the arc-cosine of the inner product of regression vectors standardized to unit lengths [45, 46] . The magnitude of size-related shape changes (degree of allometry) was measured as the proportion of total variation -in units of squared Procrustes distanceexplained by the regressions. Evolutionary and withinpopulation allometries were visualized by using outline diagrams obtained from the regression of Procrustes shape coordinates on ln(CS). Finally, we tested the agreement between evolutionary and within-population allometries by estimating the angles between evolutionary and within-population regression vectors and comparing the observed angles with a parametric distribution to test the null hypothesis that the vectors have random directions in regression space. Procrustes superimposition, CVA, and PCA were done in MorphoJ 1.06a; the PROTEST analysis was done in the package vegan of R 3.0.3 [47] ; and ANOVAs and MANOVAs were done in SYSTAT 11 (Systat Software, Inc., San Jose, CA).
Results
We found substantial size variation both within and among populations (Figure 3) . Overall, populations inhabiting environments with lower salinities and piscivores showed smaller average body size than populations living in higher salinities, where piscivores are absent. The ANOVA indicates that these differences are highly significant for females (F = 98.262, P < 0.001) and males (F = 41.485, P < 0.001).
Body shape also varied among populations, as indicated by the first CV axis (ca. 50% of total variation), in which populations from lower salinity/high predation environments had higher average scores than those from higher salinity/low predation environments (Figure 4 ). For females, relatively longer caudal peduncles and larger cranial regions were associated with increasing CV1 scores ( Figure 4 ). For males, larger CV1 scores were associated with a shallower caudal peduncle and a relatively larger and more pointy cranial region (Figure 4) . The MANOVAs indicate that shape differences among populations are highly significant for both sexes (Females: Wilks' Lambda = 0.386, F = 12.839, P < 0.001; Males: Wilks' Lambda = 0.334, F = 9.911, P < 0.001).
Body shape variation among populations was significantly related to size variation (Figures 5 and 6 ). The multivariate regression of Procrustes shape coordinates of population consensus on ln(CS) accounted for 65.69% of total shape variation for females ( Figure 5A ) and 38.35% for males ( Figure 6A ). The main shape changes along the regression vectors are similar to those observed in the CVA. For females, a shorter caudal peduncle and a smaller cranial region were observed in the populations with larger mean centroid size. For males, a relatively deeper body was observed in the populations with larger mean centroid size. The pooled within-population multivariate regression of Procrustes shape coordinates on ln(CS) indicated that 14.66% and 6.72% of the variation in body shape is associated with size for females and males, respectively. Shape changes associated with body size (allometric trajectories) within populations were similar among populations. We rejected the null hypothesis that withinpopulation regression vectors have random directions in the regression space (Females: mean angle = 35 degrees, P < 0.001; Males: mean angle = 55 degrees, P < 0.001), indicating that within-population allometric vectors are sufficiently similar to compute one common allometric pattern across all populations.
The patterns of within-population shape changes were similar to those observed among populations (Figures 5  and 6 ). The angles between regression vectors of evolutionary and pooled within-population allometries were significantly smaller than would be expected if regression vectors had random directions in the regression space (Females: angle = 25 degrees, P < 0.001; Males: angle = 38 degrees, P < 0.001), indicating that withinpopulation and evolutionary allometric trajectories have similar directions. 
Discussion
The populations studied showed substantial body size and correlated shape variation. Size variation among populations accounted for 66% of shape variation in females and 38% in males, suggesting that size is the most important dimension behind shape variation among P. vivipara in this system. Moreover, allometric shape changes among populations are aligned with allometric variation within populations, indicating that shape variation among populations is an indirect response to changes in body size. Our results, therefore, suggest that processes governing body size changes are important in the diversification of body shape in P. vivipara.
Populations of P. vivipara show a positive association between body size and salinity in this system [this study ; 30,32] . The mechanisms underlying this trend are not yet clear and we can only speculate at this point. A previous experimental study on the congener Poecilia latipinna showed a high degree of plasticity in life-history traits, in which individuals grew faster and attained larger body sizes in saltwater than in freshwater [48] . In line with these findings, P. latipinna and Gambusia affinis showed larger body size and better body condition in brackish versus freshwater natural environments, suggesting that the latter is physiologically more stressful than the former for these species [49] . Additionally, a common garden experiment with two populations of P. vivipara inhabiting lagoons with contrasting salinities indicates that populations from brackish environments grow faster and reach larger body sizes than those from freshwater environments and that these differences are partly heritable [50] , suggesting that populations might be genetically adapted to different salinity environments [51, 52] .
Another mechanism that could also account for variation in life-history traits among populations is predation regime. It is known that prey species can grow larger to avoid predation, because larger prey can be more difficult to be seized and/or consumed by their predators [53] . Poecilia vivipara is a relatively small fish (adult standard A B Figure 5 Evolutionary and pooled within-population allometry in female body shape. The wireframes show the changes in shape in relation to the consensus configuration (light blue) as ln (centroid size) increases. The deformations presented (dark blue) correspond to ln (centroid size) = 1.6 (evolutionary allometry) and ln (centroid size) = 0.6 (within-population allometry). The x-axes represent changes in centroid size (CS), whereas the y-axes display allometric shape (regression scores). Note that in panel A centroid size is in ln scale, whereas in panel B ln (CS) is standardized. length = 1.3-5.6 cm in a sample of N = 2007 individuals); its main piscivore predator in this system is the trahira H. malabaricus, whose average adult standard length is 17,6 cm ± 7,14 (SD) in this system (A. C. Petry, unpub. data), and can easily prey on fish up to 50% its length [54, 55] . It is therefore unlikely that P. vivipara can escape predation from H. malabaricus by growing larger body sizes. Alternatively, life-history theory predicts the evolution of larger body sizes at maturity in low-mortality environments [56] , in line with our observation of larger body sizes in the high-salinity lagoons, where piscivores are absent.
Finally, differences in body size or growth rate might result from differences in energy intake determined by competition for food and/or resource productivity which happened to covary with salinity or predation regime. Preliminary data (M. S. Araújo, unpub. data) indicate no relationship between productivity and salinity in the A B Figure 6 Evolutionary and pooled within-population allometry in male body shape. The wireframes show the changes in shape in relation to the consensus configuration (light blue) as ln (centroid size) increases. The deformations presented (dark blue) correspond to ln (centroid size) = 1.4 (evolutionary allometry) and ln (centroid size) = 0.6 (within-population allometry). The x-axes represent changes in centroid size (CS), whereas the y-axes display allometric shape (regression scores). Note that in panel A centroid size is in ln scale, whereas in panel B ln(CS) is standardized. studied lagoons. Additionally, the two potential competitors of P. vivipara in this system -the Cyprinodontiformes J. multidentata and P. januarius -are more abundant in the higher-salinity lagoons (unpublished results), precisely where P. vivipara attains larger body sizes, which suggests that interspecific competition is weak, if present at all.
Numerous examples among poeciliids suggest the evolution of optimal body shapes as an adaptive response to gradients of predation [22] [23] [24] [25] 30, 57] . Specifically, there is a general trend of populations free from predation to present a relatively smaller caudal region and larger cranial region, because this body shape minimizes drag during steady swimming and, as a consequence, is favored by selection [21, 58] . The opposite configuration (relatively larger caudal region and smaller cranial region), on the other hand, is favored where predators are present, because it maximizes fast starts and increases survivorship. Our results contradict to some extent this expectation: we found a trend of females living in piscivore-free environments to show relatively smaller caudal and cranial regions (where larger cranial regions would be expected) and males to show relatively larger, deeper caudal peduncles (where smaller caudal peduncles would be expected; Figure 4) . A parsimonious explanation for this apparent conflict between this ecomorphological paradigm and our results is that predation by piscivores is not a selective agent in our study system. Several lines of evidence suggest that this is unlikely, though. First, prior work in other poeciliid fishes demonstrate increased mortality rates in the presence of piscivorous fishes [59] [60] [61] . Second, gutcontent analysis of the piscivorous species in our system indicates that they are effective predators of P. vivipara; and the trahira Hoplias malabaricus, the most abundant piscivore in our sample (Table 1) , has been shown to exert strong top-down control on its prey [62] , including livebearing fish [63] . Finally, a previous study on the same system found evidence of natural selection for relatively larger caudal peduncles of P. vivipara in high-predation environments [30, 31] , suggesting that predation acts as an evolutionary force in this system.
Our results can be reconciled with previous findings if we recall that body shape has allometric and nonallometric components [35] . In prior work on poeciliids, including P. vivipara, researchers have mathematically removed linear allometric effects and focused on the non-allometric component of shape, whereas in our study we analyzed total shape (which includes both components). For the sake of comparison with previous studies, we analyzed the non-allometric component of shape using CVA. These results show a trend of larger caudal peduncles and smaller cranial regions in populations subject to predation (Additional file 1: Figures S1 and S2) , in accordance with the ecomorphological paradigm proposed to explain the patterns of phenotypic variation in poeciliids [64] . It is worth noting that the non-allometric component of body shape only explained ca. 24% and 12% of total shape variation in females and males, respectively, compared to the 66 and 38% of shape variation associated with body size changes.
Assuming that these morphological syndromes -relatively larger head and smaller caudal peduncle versus relatively smaller head and larger caudal peduncle -represent adaptive peaks in this system, our results suggest the possibility that allometry prevented populations from attaining these optimal body shapes. The evolution of optimal body shapes in this case would require the evolution of allometric covariation structure [33] , so that the direction of the selection gradient caused by predation and that of allometries would become aligned [65] . This should involve changes in the developmental-genetic basis of allometric trajectories so that the caudal region would become relatively smaller and the cranial region relatively larger during ontogeny (see Figures 5 and 6 ) -which could be achieved, for example, if growth of the cranial region outpaced growth of the caudal region during development. Theoretical and empirical evidence suggest that such changes in morphological integrationwhich necessarily involve changes in patterns of genetic covariance among traits -would require long time scales (e.g., millions of generations [7, 11, 65] ; but see [66] ). Geological evidence indicates that the most recent formation of this lagoon system occurred after the last marine ingression ca. 5,000 to 7,000 years ago [67] . Assuming that P. vivipara has 1-2 generations per year [6] , these populations have been evolving for 2,500-7,000 generations. It is thus unlikely that there has been enough time for selection to change allometric trajectories so that populations could reach their adaptive peaks.
We acknowledge that our conclusions are based on the assumption that the ecomorphological paradigm proposed for poeciliids inhabiting predation gradients is an accurate description of the adaptive landscape in the studied system. This assumption is based on a priori predictions derived from theory on swimming functional morphology which were largely tested in numerous empirical examples showing the evolution of body shape in poeciliids inhabiting predation gradients. Alternatively, it is also plausible that other selective agents (e.g. salinity, feeding) also act on the studied populations and that the observed variation in body shape is actually a compromise between these multifarious selective agents. At the present moment it is not possible to determine if allometric trajectories indeed evolved and populations actually reached their adaptive peaks along this ecological gradient or if allometry has acted as a constraint preventing populations from reaching their adaptive peaks. Future investigations on the role of other putative selective agents on the evolution of body size and shape in this system might shed light on the issue.
Conclusions
Poeciliid fishes have been used as a model system to demonstrate that populations subject to divergent natural selection may repeatedly evolve similar solutions to similar problems [64] . Although these shared responses to selection might be a common feature of phenotypic evolution in poeciliids and organisms in general, our results suggest the possibility that allometric effects, by chanelling shape change, might prevent populations from reaching their adaptive peaks. Therefore, in organisms characterized by substantial among-population differences in body size, it might not be safe to ignore allometric effects when investigating divergent natural selection's role in phenotypic diversification.
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